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Nanoscale electrical devices are one of the biggest challenges for exceeding Moore's 
law owing to the limitations of fine processing technology in complementary metal-
oxide-semiconductors (CMOS). Graphene is one of the most attractive materials due 
to high carrier mobility and conductivity, which becomes a candidate for replacing 
CMOS technology. Even though it has superior electrical properties, graphene is zero 
bandgaps, which means metallic behaving material at finite temparature. Bandgap 
opening to form semiconductive graphene was necessary for graphene devices 
application. Various reports suggested producing graphene with sub-10 nm width, 
called graphene nanoribbons (GNRs), to make the finite bandgap. Several reports 
showed that sub-10 nm GNRs could be obtained by lengthwise opening or cutting 
single-walled carbon nanotubes (SWNTs) sidewall or longitudinal unzipping. However, 
the application of GNR unzipped SWNTs is still limited because of the difficulty of 
separating the GNRs from excess SWNTs and the assembly process for device 
fabrication. One possible approach to select sGNRs from CNTs is the dielectrophoresis 
(DEP) method, which is the nanomaterial alignment method that avoids contamination. 
DEP is applied in the alignment of nanowires from metal to insulator and in separating 
materials of differing electrical properties such as metal and semiconductive CNTs 
(mCNTs and sCNTs, respectively). The separation capability is due to the different 
DEP forces generated from conductivities and permittivities of utilized materials. 
These merits indicate that DEP has excellent potential for solving both the separation 
problem between sGNRs and CNTs and the alignment problem between the electrodes 
by leveraging different materials' responses to the DEP force. 
In this thesis, I reported successfully assembled and separated sGNRs from excess 
SWNTs using the frequency-dependent dielectrophoresis (DEP) method by varying the 
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frequency and applied voltage. The peaks from radial breathing mode (RBM) of the 
Raman spectrum were missing at frequencies higher than 13 MHz. The RBM peaks 
correlated with SWNTs, suggests that only sGNRs remained after the DEP. The AFM 
image and RBM Raman peaks also confirm successfully bridged single layer sGNRs 
by adjusting DEP condition. This result showed that the DEP method can be utilized 
for alignment and separation of sGNRs obtained from unzipped SWNTs, which is 
promising for nanocarbon device applications. 
The contents of this thesis are the following: 
Chapter 1 describes the introduction and literature review covering the theory and 
literature related to the involved works, research motivation, objectives, and study 
scope. The literature review includes the introduction of GNRs, fabrication of GNRS, 
and DEP. 
In chapter 2, I describe the materials, chemicals used, and experimental procedures. 
This chapter includes the experiment's design, the synthesis process of GNRs by 
longitudinal unzipping, and DEP's experimental set-up. The characterization technique 
and working principle. 
Chapter 3 describes the alignment and assembly of SWNTs/GNRs with the 
influence of applied voltage, frequency, and gap size of the electrode. The AFM images 
and presence of D and G band peak in the Raman spectrum confirmed sGNRs with 
excess SWNTs were successfully bridged by the DEP method. The increase in applied 
voltage will increase the number of trapped SWNTs/GNRs. The opposite effect was 
observed in the frequency-dependent DEP, which means that the increase in applied 
frequency decreased the number of trapped SWNTs/GNRs. 
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In chapter 4, I describe the separation between sGNRs and mSWNTs with frequency 
DEP. The metallic SWNTs peaks from radial breathing mode (RBM) were missing at 
frequencies higher than 13 MHz. The disappear of RBM peak suggests that only 
sGNRs remained after the DEP. The attractive DEP force of the sGNRs becomes 
stronger than that of SWNTs under these conditions. This finding was supported by the 
structural evaluation of bridged SWNTs/sGNRs and the DEP process's theoretical 
calculations. 
In chapter 5, I describe the bridging of single layer sGNRs. By the AFM images and 
RBM peak, we confirmed the presence of single layer sGNRs trapped via 1 Vpp, 15 
MHz, 2µm gap size, and diluted SWNTs/GNRs in 1:50 ratio as DEP condition. 
In chapter 6, I conclude that sGNRs are successfully assembled and separated from 
excess SWNTs via the DEP method. 






Introduction and Literature Review 
1.1. General introduction 
The limitation of silicon technology scaling-down become an obstacle to the 
development of research and technology. Graphene materials have superior electrical 
properties compared to silicon over opportunities to replace the technology. Graphene 
as zero band-gap materials need to reform other carbon-based materials such as 
graphene nanoribbons for device application. Graphene nanoribbons shows band-gap 
when the width is less than 10 nm. To produce controllable width of graphene 
nanoribbons, longitudinal unzipping single-wall carbon nanotubes fabrication process 
is over high yield and controllable width. Even though promising for large scale 
fabrication, the application still limited cause by suitable alignment and assemble 
method and the separation with excess SWNTs. To solve this problem, the 
dielectrophoresis (DEP) method over the possibility of alignment and separation of 
GNRs.   
This chapter provides background knowledge gathered from literature as guidance 
on assessing and evaluating the work results. The general properties of carbon 
nanotubes and graphene nanoribbons, and the theory about longitudinal 
unzipping, dielectrophoresis, and Raman spectroscopy, will be reviewed here. 
1.2. Carbon Nanotubes 
Carbon nanotubes are a rolled-up of graphene sheet. It can be a form of single-wall 
(SWNTs), double-wall (DWNTs), or multi-wall (MWNTs) depend on the number of 
its concentric cylinder layers. The electrical properties of SWNTs can either metallic 
or semiconductive depends on the structure specified by two integers (n and m), which 
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is known as chirality. The type of chirality in SWNTs, as shown in figure 1.11, is 
armchair, zigzag, and chiral2. When n-m is multiple of 3, then the nanotubes are 
metallic or highly conducting nanotubes, and if not, then the nanotubes are 
semimetallic or semiconductor3,4. 
 
Figure 1.1. Schematic diagram showing zigzag, armchair, and chiral carbon 
nanotubes (reprint from ref.1, open-access) 
Carbon nanotubes were widely applied in application such as RF transistor5,6, drug 
delivery system7, sensor8, interconnect9, and other. Even though it is widely applicable 
in electronic devices, the greatest challenge in CNT electronic devices is control of the 
structure properties, i.e. band-gap. To obtain specific chirality of CNTs, chirality-
controlled growth and post-growth separation such as gradient-density 
ultracentrifugation10, DNA separation11, gel-column chromatography12, 




1.3. Graphene Nanoribbons 
Graphene nanoribbons (GNRs) is a one-dimensional form of graphene. Each GNR 
could be regarded as finite-width graphene or an unzipped carbon nanotube. The 
properties of GNRs highly depend on their size and edge shape, which can be zigzag 
(ZGNR) or armchair (AGNR). Since GNRs are considered periodic across their length, 
they are usually labeled as N-AGNR and N-ZGNR, where N is the number of carbon 
atoms along its width, as shown in figure 1.2.  
  
Figure 1.2. The (a) armchair and (b) zigzag edge of GNRs (reprinted from 
publication ref.14 with permission from Elsevier) 
Depending on the value of ‘‘m’’, the AGNRs can be classified into three categories: 
m = 3p, 3p + 1, and 3p + 2 (p is a positive integer) with widely varying electronic 
properties. The periodic AGNRs with m = 3p + 2 shows metallic behavior, whereas the 
other two show semiconducting behavior within the tight-binding (TB) formalism. 
In the other hand, the periodic ZGNRs with the anti-ferromagnetic ground state have 
been predicted to show a unique property, half-metallicity, while exposed to an external 
electric field along the cross-ribbon width direction. Unlike conventional metals or 
semiconductors, half-metallic materials show zero band-gap for electrons with one spin 
orientation, whereas the other spin channel remains semiconducting or insulating, as 
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shown schematically in Fig. 1.315. Owing to this unique band property, this class of 
materials allows only one type of spin to flow under an electric field’s influence and 
thus gives complete control over the spin polarization of current with higher efficiency 
for magnetic memory storage. 
 
Figure 1.3. Schematic representation of the spin-polarized electronic band structure 
of (a) insulator or semiconductor, (b) metal, and (c) half-metal (reproduce from 
ref.15 with permission  from The Royal Society of Chemistry) 
Recently, it has been proved experimentally that band-gap in GNRs was influenced 
by GNRs width. The band-gap as a function of GNR width for six devices was shown 
in figure 1.4. The band-gap value significantly increased when the GNRs width was 
less than 20 nm16,17. These band-gap properties made GNRs become a suitable 
candidate for electronic devices application. 
Ahmad N. A. and co-worker showed GNRs for chemical sensing applications. The 
GNRs arrays were fabricated by patterning chemical vapor deposition (CVD) graphene 
using helium ion beam lithography. The result shows the ability of GNRs FET devices 
to sensing NO2 gas even in low concentration down to 20 ppb18. GNRs transistor for 
DNA detection also has been done by F. Traversi and co-worker. Solid-state nanopore 




Figure 1.4.  Energy gap (Eg) as a function of nanoribbon width, Eg extracted from 
experimental data (symbols) for various GNRs versus ribbon width. The black dashed 
line is a fit of our experimental data into an empirical form of Eg (eV) = 0.8/[w(nm)] 
(from ref 17. Reprinted with permission from AAAS). 
 
1.4. Graphene Nanoribbons Fabrication 
GNRs fabrication method can be separated into a bottom-up and top-down approach, 
as shown in figure 1.5. Considering the requirement of commercial devices, the 
research on GNRs fabrication is still extensively conducted to construct technic and 




Figure 1.5. Bottom-up and top-down fabrication approach of GNRs (reprinted 
from publication ref.14 with permission from Elsevier) 
The bottom-up approach was proposed to fabricate GNRs with well-defined and 
controlled electronic properties. Solution synthesis and on-surface synthesis was an 
example of a bottom-up approach for GNRs fabrication. J. Cai and co-worker fabricate 
GNRs using the on-surface synthesis method and successfully produced defect-free 
AGNRs on Au(111) and Ag (111) surface20. Timothy H. Vo and co-worker presented 
solution-based synthesis method to fabricate GNRs with ~1 nm wide AGNRs with 
high-aspect-ratio, smooth edges, and band-gap of ~1.3 eV.  The produced GNRs length 
was > 100nm21.  
The Longitudinal unzipping of CNTs was one of top-down approach for GNRs 
fabrication. Several methods can be used to unzip CNTs, including chemical oxidation, 
electron beam lithography, plasma etching, mechanical sonication, and others. D. V. 
Kosynkin and colleagues were successfully cutting and unravelling of MWNTs to form 
GNRs using the oxidation process. MWNTs was suspending in concentrated sulphuric 
acid followed by treatment using KMnO4. The proposed method by the author was 
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shown in figure 1.6. The oxidized edges and defect site made the GNRs have electronic 
characteristics inferior to the graphene’s mechanically peeled sheet. 
  
Figure 1.6. Nanoribbon formation and imaging. a. Representation of the 
gradual unzipping of one wall of a carbon nanotube to form a nanoribbon. 
Oxygenated sites are not shown. b. The proposed chemical mechanism of 
nanotube unzipping. The manganate ester in 2 could also be protonated. 
(reprinted by permission from: Springer Nature ref. 22) 
L. Jiao and co-workers obtained high-quality GNRs from mechanical sonication 
unzipping of MWNTs. The obtained GNRs shown in figure 1.7 have smooth edges, 





Figure 1.7. Unzipping of nanotubes using a two-step method in gas and 
liquid phases. a. Schematic of unzipping process, b-d. AFM images of 
pristine, partially, and fully unzipped (reprinted by permission from: 
Springer Nature ref. 23). 
 
1.5. Dielectrophoresis  
Dielectrophoresis is the motion of particles due to the interaction of an induced 
dipole in the particle with a non-uniform electric field. In dielectrophoresis, there are 
particles and electrolyte. The amount of charge at the interface depends on the field 
strength and the electrical properties (conductivity and permittivity) of both particles 
and electrolytes. The field lines for a non-uniform electric field are shown in figures 
1.8 (a) and 1.8(b). The particle polarises, and the field lines around the particle behave 
similarly to the uniform field case. However, by examining the density of electric field 
lines, we see that the field strength on one side of the particle is greater than the other. 
This phenomenon leads to an imbalance of forces on the induced dipole, resulting in 
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particle movement. This effect is called dielectrophoresis. When the particle’s 
polarisability is greater than its surrounding, the direction of the dipole is with the field, 
and the particle experiences a force called positive DEP; the particle moves towards 
the strong field region, as shown in figure 1.3(a). The opposite situation gives rise to 
negative DEP, figure 1.8(b), and the particle moves away from strong electric field 
regions24. 
 
Figure 1.8. Numerically calculated electric field lines for two different cases, 
defined by the particle more polarizable or less polarizable than the suspending 
medium, are in a non-uniform electric field. For the more polarizable particle (a) 
and the less polarizable particle (b). The arrows show the direction of the force and 
movement in each case (reprinted by permission from: Springer Nature ref.24) 
The force exerted by an electric field E on a dipole with dipole moment p is given by 
𝐅 = (𝐩. ∇)𝐄 
Here the higher-order terms of the force are omitted. Thus, the expression is only 
accurate if the electric field's magnitude does not vary significantly across the dipole.  
In an AC field, the time-averaged force on a particle will be given by 
𝑭𝑫𝑬𝑷 = 𝚪 ∙ 𝜺𝒎𝑹𝒆{𝑪𝑴}𝛁𝑬 
where 𝚪 is a factor depending on geometry, εm is the real part of the suspending 
medium’s permittivity and E is the electric field. The factor CM depends on the 
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complex permittivities of both the particle and the medium. In the case of a spherical 
particle, this factor is referred to as the Clausius–Mossotti Factor. In the particle object, 
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where the indices p and m refer to the particle and the medium, respectively. Here σ is 
the conductivity, ε the real permittivity, and ω = 2π f the angular frequency of the 
applied electric field25,26. 
In the case of the elongated object with the long axis aligned with the field such as CNT, 





where r is the radius and l the length of CNT25,27. 
Dielectrophoresis was widely used on trapping and separation of material such as 
cancer cell28, DNA and blood29, nanowire30, and also CNT31,32. Krupke R. and co-
worker were separate metallic from semiconducting SWNTs using dielectrophoresis. 
Metallic SWNTs were trapped on the electrode, and semiconducting SWNTs were left 
in the solvent. A dark-field micrograph was used to analyze the trapped SWNTs. Strong 
Rayleigh scattered light made trapped SWNTs appear in green color, as shown in figure 





Figure 1.9. Rayleigh scattered light from the dielectrophoretically 
deposited SWNTs and the electrodes, recorded with an incident-light 
dark-field microscope. The scattered light from the aligned SWNTs 
appears green to the eye (A) and is polarized perpendicular to the 
electrodes (B) (reprinted by permission from: Springer Nature ref. 33). 
Maria D. and Peter B. are using a numerical study to calculate the probability of 
capturing metallic and semiconductor SWNTs using dielectrophoresis. The result 
suggests relatively low frequencies when both metallic and semiconducting SWNTs 
were optimal for the separation process due to large differences in dielectric force25. 
Freer and co-worker were successfully aligned single gold nanowire with high 
precision and yield using dielectrophoresis, as shown in figure 1.10. At low voltages, 
the dielectric force is insufficient to trap a nanowire on an electrode. As the 
dielectrophoretic forces overcome fluid drag forces, nanowires become trapped on the 
electrodes. Only single nanowires assemble over an extensive voltage range (20% of 




Figure 1.10. Critical pinning voltages for nanowire assembly. The event 
frequency is shown for empty electrodes (blue circles), a single nanowire 
(green triangles), and double nanowires (red diamonds) for a total of 50 sites. 
Frequency and flow rates are 500 Hz and 1.3 ml min21, respectively. 
Electrode dimensions: 12 mm gap, 2mm width (reprinted by permission 
from: Springer Nature ref. 30). 
Single gold nanowire trapping process was adjusted by controlling applied voltage, and 
flow rate of fluid contain gold nanowire (dielectrophoresis and hydrodynamic forces)30.  
1.6. Raman Spectroscopy 
In the Raman spectra of graphite and SWNTs, many features can be identified 
specific phonon modes and with specific Raman scattering processes that contribute to 
each part. The Raman spectra of graphite and SWNTs can provide us with much 
information about the exceptional 1D properties of carbon materials, such as their 
phonon structure and their electronic structure, and information about sample 
imperfections (defects). Since mechanical properties, elastic properties, and thermal 
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properties are strongly influenced by phonons, Raman spectra provide much general 
information about the structure and properties of SWNTs34. 
Raman scattering is the inelastic scattering of light. During a scattering event: 
1. An electron is excited from the valence energy band to the conduction energy 
band by absorbing a photon. 
2. Emitting (or absorbing) phonons scatter the excited electron. 
3. The electron relaxes to the valence band by emitting a photon. 
We generally observe Raman spectra for the scattered photon (light) whose energy 
is smaller by the phonon energy than the incident photon. By measuring the intensity 
of the scattered light as a function of frequency downshift (losing energy) of the 
scattered light, which is plotted in Raman spectra, we obtain an accurate measure of 
the material's phonon frequencies. By combining this information with the original 
geometrical structure of a crystal (or molecule), we can deduce a model for the phonon 
dispersion relations (or normal mode frequencies)34 
The number of emitted phonons before the relaxation of the lattice can be one, two, 
and so on, which we call, respectively, one-phonon, two-phonon, and multi-phonon 
Raman processes. The order of a scattering event is defined as its number in the 
sequence of the total scattering events, including elastic scattering by an imperfection 
(such as a defect or edge) of the crystal. The lowest order process is the first-order 
Raman scattering process, which gives Raman spectra involving one-phonon emission, 
as shown in figure 1.11. A scattering event with only elastic scattering, i.e., photon 
direction change but no frequency shift, corresponds to Rayleigh scattering of light. In 
SWNTs, the G band spectra, which is split into many features around 1580 cm−1, and 
the lower frequency radial breathing mode (RBM) is usually the strongest features in 
SWNT Raman spectra are both first-order Raman modes. The RBM is a unique phonon 
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mode, appearing only in carbon nanotubes and its observation in the Raman spectrum 
provides direct evidence that a sample contains SWNTs. The RBM is a bond-stretching 
out-of-plane phonon mode for which all the carbon atoms move coherently in the radial 
direction, and whose frequency 𝜔𝑅𝐵𝑀 is about 100–500 cm−1. The RBM frequency is 
inversely proportional to the tube diameter and is expressed as 𝜔𝑅𝐵𝑀 = 𝐶/𝑑𝑡 (cm−1). 
 
Figure 1.11. (a) First-order and (b) one-phonon second-order, (c) two-phonon 
second-order, resonance Raman spectral processes (top) incident photon resonance 
and (bottom) scattered photon resonance conditions. For one-phonon, second-order 
transitions, one of the two scattering events is an elastic scattering event (dashed 
lines). Resonance points are shown as solid circles (reprint from ref. 34 with 
permission from Elsevier). 
Resonance Raman spectra from SWNTs can be acquired using standard commercial 
micro-Raman spectrometers and lasers. Typical measurements use a back-scattering 
configuration and ×50, ×80, and ×100 objective lenses (∼ 1 m spot size for the 100× 
objectives). Relatively high laser powers (up to 40 × 109 W m−2) can probe isolated 
SWNTs on substrates or in aqueous solution because of their unusually high thermal 
conductivity values (3000 W mK−1)34. 
1.7. Objectives of This Study 
The main objects of the research are: 
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a. To align and assemble graphene nanoribbons (GNRs) fabricated by 
longitudinal unzipping single-walled carbon nanotubes (SWNTs) using the 
dielectrophoresis technique. 
b. To separate graphene nanoribbons (GNRs) with excess single-walled carbon 
nanotubes (SWNTs) using the dielectrophoresis technique. 
c. To produce a single layer alignment of graphene nanoribbons (GNRs) using the 
dielectrophoresis technique. 
1.8. Outline of Dissertation 
This dissertation consisted of 6 chapters.  Chapter one explains the introduction and 
literature review covering the theory and literature related to these work's work, 
objectives, and study scope. Chapter two describes the material and chemical used in 
this work, the experimental procedures, and the apparatus used to characterize it. 
Chapter three, four and five focus on presenting result and analysis of experiment in 
the form of journal template. The chapter is organized to abstract, introductory, 
experimental procedures, results, and discussions, conclusions. Chapter six states the 
overall findings of this work as well as some suggestions and recommendations.  
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CHAPTER  2 
Methodology 
2.1. Introduction 
This chapter is divided into three main parts: 
1. Materials and chemicals used 
2. The process for sample synthesis 
3. The characterizations of the fabricated sample including atomic force 
microscopy imaging, Raman spectroscopy, and electrical properties  
2.2. Chemicals and Materials 
The materials and chemical used in this research are presented in Table 2.1 

























1,2-Dichloroethane C2H4Cl Solvent Wako Purity: 98.0% 
MW: 98.96 
g/mol 
















Ethanol C2H6O Solvent Wako Purity: 99.5% 
MW: 46.07 
g/mol 





































2.3. Longitudinal Unzipping with Mechanical Sonication 
HipCo SWNTs (Nanointegris) was annealed at 200℃ for 20 hours to remove 
amorphous carbon, and then acid-treated with HCl with 11.65 M at 109℃ to remove 
catalyst metal and to induced defects. The GNRs were synthesized by unzipping 0.01 
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mg of SWNTs (HipCo Purified: Nanointegris) using 3 mg poly [(m-
phenylenevinylene)-co-(2,5-dioctoxy-p-phenylene-vinylene)] (PmPV; Sigma-
Aldrich) in 10 mL dichloroethane solvent. The solution was bath sonicated for 50 
minutes at 37 kHz and 600 W (SHARP UT-606) to initiate the unzipping process.  
After sonication, the solution was centrifuged for 16 hours at 50,000 G (TOMY 
Suprema 23 High-Speed Centrifuge) to reduce the remaining SWNTs. Afterward, the 
remaining solution (supernatant) was diluted with dichloroethane to reduce the 
concentration of mixture SWNTs/GNRs in solutions. The overall process was 
illustrated in figure 2.1. 
 
Figure 2.1. Schematic illustration of longitudinal unzipping with mechanical 
sonication 
 
2.4. Nanogap Electrode Fabrication 
A nanoscale gap electrode was fabricated via the EB lithography method, with 
SiO2 as the substrate. Firstly, the device pattern was designed by the software 
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Layout Editor before the process. After that, EB resists solution (gL 2000:anisole 
= 1:1) was spin-coated to the substrate with speed 5000 rpm for 40 s and pre-
baked at 180 ℃ for 3 min. The electrode patterning was performed by the EB 
machine model Elionix ELS-7500, as shown in Figure 2.2. The beam amplitude 
was 30 nA and developed by ZED-N 50 solution for 2.5 min continued by 
MIBK:IPA for 15 sec, then rinsed by distilled water. The material of the 
electrode was Pt/Ti with a thickness 24/6 nm that depositing by sputtering 
machine model Miller CFS-4EP-LL, as shown in figure 2.3. The resist then was 
removed by dimethyl-sulfoxide at 80 ℃ for 40 min under the sonication process. 
The overall EBL process is illustrated in Figure 2.4. 
 
 






Figure 2.3. Sputtering machine model Miller CFS-4EP-LL 
 
 
Figure 2.4. Schematic illustration of nanogap electrode fabrication by EBL 
The fabricated electrode was investigated using AFM to know the gap condition of 




     
Figure 2.5 Fabricated Electrode with 2µm gap size 
 
2.5. Dielectrophoresis 
The AC applied voltage was connected to the sample Pt/Ti electrode by a 50Ω 
coaxial probe.  The solution of SWNTs/GNRs obtained above was cast around the gap 
of Pt/Ti electrodes, followed by the DEP process. The casted solution was waited for 
drying around 2 min. This process was repeated for several different DEP parameters 
such as frequencies, ranging from 500 kHz to 15 MHz and applied voltage ranging 
from 1 to 10 V using a function generator (33120A Hewlett Packard). The DEP process 
was illustrated in figure 2.5.  
 
Figure 2.5. Schematic of DEP procedures 
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After the DEP process, the sample was cleaned with chloroform, dichloroethane, 
acetone, ethanol, DI water, and subsequently annealed at 200 ℃ for 1.5 hours to 
remove PmPV, dust and to increase the adhesion between GNRs and electrodes. 
2.6. Atomic Force Microscopy (AFM) 
After the cleaning process, the DEP sample was investigated with atomic force 
microscopy (AFM) system model Jeol SPM-5200, as shown in figure 2.6. The scanning 
process was conducted in ambient condition-tapping mode. Most of the GNR observed 
with a height of approximately 0.6 nm and a length of 1 to 2 um. The image's quality 
depends on the cantilever tip and the operator's skill to control the software for 
adjusting proper laser alignment. The slow scanning rate and scan size also become a 
parameter of image quality.  
 







2.7. Electrical Characteristics 
The electrical characteristic of samples was investigated by a tailor-made 
probing system, equipped with a cryogenic freezer, to conduct an I-V 
measurement at low temperature. The photograph of the machine is displayed in 
Figure 2.7. The current-voltage data were recorded using Keysight Agilent 4156 
A semiconductor parameter analyzer. The measurement was conducted in 




Figure 2.7. Photograph of a probing system equipped with cryogenic freezer 
2.8. Raman 
The DEP sample was measured using Raman microscopy Nano Photone model 
Raman Touch as displayed in figure 2.8. The sample was irradiated with 532 nm laser, 
and the laser excitation power was adjusted from 0.2 mW to 13 mW depend on the 
sample conditions. The grating-step of each interval data used in this measurement is 











Alignment and Assembly of Graphene Nanoribbons 
Unzipped Single-Walled Carbon Nanotubes by 
Dielectrophoresis Method 
3.1. Abstract 
Graphene nanoribbons (GNRs) fabrication with longitudinal unzipping of carbon 
nanotubes (CNTs) by mechanical sonication was attractive, causing high yield, smooth 
edges, and controllable width devices application caused by alignment and assembly 
problem. Here, we report successfully aligned and trapped GNRs from longitudinal 
unzip with the dielectrophoresis (DEP) method. The number of trapped SWNTs/GNRs 
can be adjusted by varying applied voltage and frequency DEP. Increasing applied 
voltage will increase the number of trapped SWNTs/GNRs while the opposite effect 
on frequency. The electrode's gap size will influence the alignment form of 
SWNTs/GNRs, where similar gap size with GNRs length can produce direct alignment 
without folding and double connection. This result shows the capability of control 
GNRs alignment and trapping process with the DEP method, which suitable for future 
devices applications.   
3.2. Introduction    
The development of science and technology comes with a trend of smaller and 
smarter electronic devices that increase the need for the number of transistors in each 
device to follow Moore's law scale. Nanoscale electrical wiring is one of the biggest 
challenges for exceeding Moore's law owing to the limitations of fine processing 
technology in CMOS33,35–37. Graphene nanoribbons (GNRs), which are stripe-shaped 
single-atomic layer graphite, have been widely investigated due to their high electronic 
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mobility, strong mechanical endurance, and high flexibility38,39. The electrical 
properties of GNRs are strongly dependent on the width16. When GNRs is more than 
10 nm in width, they exhibit semimetallic behavior. 
On the other hand, when GNRs are less than 10 nm in width, they exhibit 
semiconductive behavior because their conduction mechanism becomes quasi-one-
dimensional, resulting in an opening in their band-gap. Although several approaches to 
obtain GNRs, longitudinal unzipping of carbon nanotubes (CNTs) is one of the most 
common techniques to get semiconductor GNRs measuring a few nanometers in width 
(sGNRs) 16,40. In our previous work, we successfully obtained single-layer sGNRs from 
single-walled41,42 and double-walled43–45 carbon nanotubes (SWNTs and DWNTs, 
respectively) by the unzipping method incorporating an ultrasonication process. 
Although sub-10 nm width sGNRs can be produced by the unzipping method and is 
suitable for mass production22, its application in electronic devices is still limited 
because of alignment and assemble problem.  
One possible approach for aligning and assembly GNRs in the dielectrophoresis 
(DEP) technique46–48, which is the method for nanomaterial alignment without any 
contamination. It is applied both in the alignment of nanowires from metal to insulate 
and in separating different electrical properties such as metal and semiconductor CNTs 
(mCNTs and sCNTs, respectively). The separation capability is owed to the various 
DEP forces generated from different conductivity and permittivity in each 
material25,30,47,49,50. These merits indicate that DEP has excellent potential for solving 
both the separation problem between sGNRs and CNTs and the alignment problem 
between the electrodes by leveraging the DEP force's different responses.   
Here, we fabricated sGNRs from SWNTs using the unzipping method and assemble 
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and align it by the DEP process.   
3.3. Experimental Procedure 
HipCo SWNTs (Nanointegris) were annealed at 200 °C for 20 h to remove 
amorphous carbon and then acid-treated with HCl (11.65 M at 109 °C) to remove the 
catalyst metal and induce defects. The GNRs were synthesized by unzipping 0.01 mg 
of SWNTs using 3 mg poly [(m-phenylenevinylene)-co-(2,5-directory-p-phenylene-
vinylene)] (PmPV; Sigma-Aldrich) in 10 mL dichloroethane solvent. The solution was 
bath sonicated for 50 min at 37 kHz and 600 W (SHARP UT-606) to initiate the 
unzipping process. The solution was then centrifuged for 16 h at 50,000 G (TOMY 
Suprema 23 High-Speed Centrifuge) to reduce the remaining SWNTs. The remaining 
solution (supernatant) was diluted with dichloroethane to reduce the concentration of 
the mixture SWNTs/GNRs in solution.  
Micro-gap electrodes for DEP were fabricated by electron-beam lithography (EBL) 
on a SiO2 substrate. The residue solution (ZEP520A: anisole = 1:1) for EBL was spin-
coated onto the substrate spinning at 3000 rpm for 60 s. Then, the substrate was pre-
baked at 180 °C for 2 min. Electrode patterning was performed by EBL (Elionix ELS-
7500) and subsequently developed with a ZED-50 N solution. Titanium and platinum 
(Ti/Pt) electrodes with a thickness of 6/24 nm were deposited on the patterned substrate 
by sputtering (Miller CFS-4EP-LL). The EBL residue was then removed by dimethyl 
sulfoxide at 80 °C. Subsequently, the substrate was cleaned with isopropanol and 
deionized (DI) water under sonication.  
The solution of SWNTs/GNRs obtained above was cast around the Ti/Pt electrodes, 
followed by DEP. The Ti/Pt electrodes were conducted by applying an AC bias voltage 
for 2 min at different frequencies, ranging from 500 kHz to 15 MHz (33120A Hewlett 
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Packard Function Generator). The DEP sample was then cleaned with chloroform, 
dichloroethane, acetone, ethanol, and DI water in that order and subsequently annealed 
at 200 °C for 1.5 h to remove PmPV, dust, and to increase the adhesion between the 
GNRs and electrodes. The I-V characteristics of the fabricated samples were measured 
using a probe system (Pascal Co., Ltd) with a semiconductor parameter analyzer 
(Agilent 4156B). The fabricated sample was also measured by atomic force microscopy 
(AFM; JEOL SPM-5200). 
3.4. Results and Discussion 
Objects are polarized with an inhomogeneous external electric field during DEP. 
The polarized object generates a side force that moves the object toward higher or lower 
electric field regions. The DEP force depends on the electric properties of the object 
and mediums, object size and shape, and the electric field's frequency. The force 
generated by an electric field 𝐸 on a dipole with dipole moment 𝑝 is given by  
𝐹 = (𝑝 ∙ ∇)𝐸    .                                                              (3.1) 
In an AC electric field, the time-averaged force on the object is given by 
𝐹𝐷𝐸𝑃 = 𝛤 ∙ 𝜀𝑚𝑅𝑒{𝐶𝑀}∇𝐸   ,                                           (3.2) 
where 𝛤 is the geometry factor of objects, 𝜀𝑚 is the real part of the permittivity of the 
medium, and 𝑅𝑒 {𝐶𝑀} is the real part of the Clausius-Mossoti factor, which depends 
on the complex permittivity and conductivity of the medium and the object24,28. For 
objects elongated in one direction, such as an oblate ellipsoid, carbon nanotubes, and 






, 𝜀∗ = 𝜀 − 𝑖
𝜎
𝜔
  ,                                (3.3) 
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where the real part of the 𝐶𝑀 can be described as 
𝑅𝑒 {𝐶𝑀} =
𝜔2(𝜀𝑚𝜀𝑝 − 𝜀𝑝
2) + (𝜎𝑚𝜎𝑝 − 𝜎𝑚
2)
𝜀𝑚2𝜔2 + 𝜎𝑚2
   ,                   (3.4) 
From equations (2) and (4), the sample's DEP force will vary with the electric field 
and frequency.  
Varying AC investigated the electric field's effect in SWNTs/GNRs trapping by 
DEP applied voltage of function generator. The electric field between 2 electrodes was 
determined by distance (gap size) and the applied voltage. Electrode with twice gap 
size will need the twice magnitude of an applied voltage to produce the same volume 




         ,                                                                (3.5) 
where 𝑉𝑅𝑀𝑆 is applied voltage in mean root square and 𝑑 is the distance between 2 
electrodes of gap size.  
3.4.1. Voltage dependent dielectrophoresis 
The Electric field will determine strong or weak attraction and repulsion of DEP 
force as a state in equation 3.2. We used 1 Vpp, 5 Vpp, and 10 Vpp of AC applied 
voltage peak to peak during the dielectrophoresis process, which will produce 1.76 × 
105 V.m-1, 8.83 × 105 V.m-1, and 1.76 × 105 V.m-1 electric field root mean square (𝐸𝑅𝑀𝑆) 
in 2µm gap size electrode. As shown AFM image of the DEP sample in figure 3.1, the 
applied AC voltage will determine the number of trapped SWNTs/GNRs. The number 
of trapped SWNTs/GNRs at 1 Vpp (figure 3.1 (a)) was less than SWNTs/GNRs trapped 
by 5 Vpp (figure 3.1 (b)) and 10 Vpp (figure 3.1 (c)) applied voltage. 
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Aligned SWNTs/GNRs quickly form aggregation/kinks with each other during the 
DEP process caused by attraction and repulsion force between SWNTs/GNRs. With 
increasing the number of trapped SWNTs/GNRs by increasing applied voltage, the 
aggregation number also increased. Low applied voltage bias like 1 Vpp was  
more suitable to form well-organized or ordered alignment than high applied voltage 




(a)                                                                  (b) 
 
(c) 
Figure 3.1. The effect of different applied AC voltage of a. 1 Vpp, b. 5 Vpp and 
c. 10 Vpp on DEP SWNTs/GNRs with 2µm gap size and 15 MHz frequency. 
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3.4.2. Frequency dependent dielectrophoresis 
Figure 3.2 shows the effect of different frequency DEP in trapping SWNTs/GNRs 
with a similar electric field and gap size. The number of trapped SWNTs/GNRs was 
significantly reduced when comparing the DEP result of 0.5 MHz (figure 3.2 (a)) and 
5 MHz (figure 3.2 (b)). If we estimate the number trapped SWNTs/GNRs at 0.5 MHz 
using AFM high for each cluster SWNTs/GNRs in the middle part and divide with 
average GNRs high and width in AFM (0.6 nm and 3 nm), it will easily reach 6000 
GNRs while 5 MHz was only 2000 GNRs. The amount of SWNTs/GNRs trapped in 
10 MHz (figure 3.2 (c)) was not much different with 5 MHz, but it reduced to around 
500 GNRs when used 15 MHz (figure 3.2 (d)) for frequency DEP 
 






      (c)                                                                 (d) 
Figure 3.2. The effect of different frequency of (a) 0.5 MHz, (b) 5 MHz, (c) 10 
MHz and (d) 15 MHz on DEP SWNTs/GNRs with 2 µm electrode gap size and 5 
Vpp applied voltage 
I-V characteristics of trapped SWNTs/GNRs sample for different frequency DEP 
was shown in figure 3.3. Frequency-dependent DEP was the implication of different 
conductivity and permittivity SWNTs/GNRs with solvent/medium/dichloroethane as a 
state in equation 3.4. As metallic SWNTs (mSWNTs) have different conductivity and 
permittivity values with semiconductor SWNTs (sSWNTs) and GNRs, the DEP force 
applied to both of them will be different. The I-V curve change from a linear metallic 
curve to diode like a semiconducting curve may cause trapped sSWNTs/GNRs was 
more in number than mSWNTs. This result showed the possibility of SWNTs 




Figure 3.3. I-V characteristics of frequency-dependent DEP 
3.4.3. Gap size effect on SWNTs/GNRs dielectrophoresis 
The effect of different gap sizes in the same electric field to DEP result was shown 
in figure 3.4. As shown in figure 3.4, the electrode's gap size influences the way 
SWNTs/GNRs align. In figure 3.4 (a), because the electrode gap size (1µm) is much 
less than the average length of SWNTs/GNRs (~1.8µm), the trapped SWNT/GNRs 
accumulated or folded in between of electrodes. In the case of 2µm gap electrode 
(figure 3.4 (b)), which has a similar gap size with the average length of SWNTs/GNRs, 
The SWNTs/GNRs were directly aligned electrode without folding. In the case of 
2.5µm gap size, one-side of the trapped SWNTs/GNRs tip was connected to electrode 
edges when the other end was randomly spread in the gap between the electrode and 
connected with one or more SWNTs/GNRs. DEP result from gap variation suggests 
the polarization in a rod-like object such as SWNTs/GNRs accumulate in each tip rather 
than evenly distribute in all part of an object during DEP which cause of connection 
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between SWNTs tip with electrode edges, even for easily folded and a thin object like 
SWNTs/GNRs. This result shows the possibilities of SWNTs/GNRs to form well-
ordered serial connections using the appropriate electrode gap size.   
 
                                (a)                                                          (b)                                            
 
                                                                  (c) 
Figure 3.4. The effect of different electrode gap size of a. 1µm, b. 2µm and 
c. 2.5µm on DEP SWCNTs/GNRs with 8.83 × 105  𝑉/𝑚 electric field and 
15 MHz frequency 
The DEP method described in this work shows the important of voltage, frequency 
and gap size for alignment and trapping of SWNTs/GNRs. Controllable number of 
trapped SWNTs/GNRs will possible to achieve with suitable selection of parameter 




In summary, I successfully aligned and assembled SWNTs/GNRs longitudinal 
unzipping by the DEP method. The increasing applied voltage will increase the amount 
of trapping while the opposite effect was observed in applied frequency. Besides, the 
electrode gap size will influence to alignment connection of SWNTs/GNRs. If the 
electrode gap size is smaller than SWNTs/GNRs length, the SWNTs/GNRs will be 
folded or accumulated. Otherwise, a double connection will form in alignment. The 
DEP result for SWNTs/GNRs unzipped form SWNTs HipCo suggested 1 Vpp applied 
voltage and 15 MHz frequency at 2µm gap size as a suitable parameter for less dense 
connection. 
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Frequency Dependence Dielectrophoresis Technique for 
Graphene Nanoribbons Separations 
4.1. Abstract 
We succeeded in bridging unzipped graphene nanoribbons (GNRs) and separating 
them from unwanted SWNTs using the frequency-dependent dielectrophoresis (DEP) 
method by varying the frequency and applied voltage used for future assembly. Atomic 
force micrographs and Raman spectra proved that unzipped GNRs were successfully 
bridged by the DEP method at frequencies higher than 13 MHz. The theoretical 
calculation also supported the finding that only GNRs were collected from a mixture 
of GNRs/SWNT suspensions. 
4.2. Introduction 
In the past few decades, numerous studies on nanoscale materials for future 
electronics have been carried out. Nanoscale electrical wiring is one of the biggest 
challenges for exceeding Moore’s law owing to the limitations of fine processing 
technology in complementary metal-oxide-semiconductors (CMOS)1-4. Graphene 
nanoribbons (GNRs), which are strips of single-atomic layer graphite, have been 
widely investigated owing to their high electron mobility, mechanical resilience, and 
high flexibility5,6. The electrical properties of GNRs are strongly dependent on their 
width7. When GNRs are more than 10 nm in width, they exhibit semimetallic behavior. 
On the other hand, when GNRs are less than 10 nm in width, they exhibit 
semiconductive behavior because their conduction mechanism becomes quasi-one-
dimensional, which results in widening of their band-gap. Semiconductive GNRs 
(sGNRs) are an attractive material for atomic-scale transistor applications8,9, which are 
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essential for creating carbon-based molecular circuits. Although there are several 
approaches to obtain sGNRs10-12, longitudinal unzipping of carbon nanotubes (CNTs) 
is one of the most common techniques to obtain sGNRs measuring a few nanometers 
in width13,14. In our previous work, we successfully obtained single-layer sGNRs by 
the unzipping of single-walled15-17 and double-walled18-20 carbon nanotubes (SWNTs 
and DWNTs) and subsequently carrying out sonication. Although sub-10 nm width 
sGNRs can be produced by unzipping and are suitable for mass production13, applying 
unzipping to the fabrication process of electronic devices remains limited. This is 
because there is no in-situ method to select only sGNRs from a mixture of unzipped 
sGNRs and CNTs.  
One possible approach of selecting sGNRs from CNTs is the dielectrophoresis 
(DEP) technique,21-23 which is the method for nanomaterial alignment that avoids 
contamination. DEP is applied both in the alignment of nanowires from metal to 
insulator and in separating materials of differing electrical properties such as metal and 
semiconductive CNTs (mCNTs and sCNTs, respectively). The separation capability is 
due to the different DEP forces generated from different conductivities and 
permittivities in each material24-29. These merits indicate that DEP has great potential 
for solving both the separation problem between sGNRs and CNTs, and the alignment 
problem between the electrodes by leveraging different materials’ responses to the DEP 
force.  
Here, we fabricated sGNRs from SWNTs using the unzipping method. The 
separated sGNRs were bridged between the micro-gap electrodes during the DEP 
process allowing separation from the mixture. Frequency dependence was probed by 
changing the frequency of the applied AC bias voltage between the microgap electrodes. 
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We succeeded in bridging only sGNRs between electrodes at 13 MHz or higher AC 
bias voltage because under these conditions the attractive DEP force of the sGNRs 
becomes stronger than that of SWNTs. This finding was supported by the structural 
evaluation of bridged SWNTs/sGNRs and theoretical calculations of the DEP process. 
4.3. Experimental Procedure 
HipCo SWNTs (Nanointegris) were pretreated by annealed at 200 °C for 20 h to 
remove amorphous carbon, and then acid-treated with HCl (11.65 M at 109 °C) to 
remove the catalyst metal and induce defects. The GNRs were synthesized by 
unzipping 0.01 mg of SWNTs using 3 mg poly [(m-phenylenevinylene)-co-(2,5-
dioctoxy-p-phenylene-vinylene)] (PmPV; Sigma-Aldrich) in 10 mL dichloroethane 
solvent. The solution was bath sonicated for 50 min at 37 kHz and 600 W (SHARP UT-
606) to initiate the unzipping process. Then, the solution was centrifuged for 16 h at 
50,000 G (TOMY Suprema 23 High-Speed Centrifuge) to reduce the remaining 
SWNTs. The remaining solution (supernatant) was diluted with dichloroethane to 
reduce the concentration of the mixture SWNTs/GNRs in solution.  
Micro-gap electrodes for DEP were fabricated by electron beam lithography (EBL) 
on a SiO2 substrate. The residue solution (ZEP520A: anisole = 1:1) for EBL was spin-
coated onto the substrate spinning at 3000 rpm for 60 s. Then, the substrate was pre-
baked at 180 °C for 2 min. Electrode patterning was performed by EBL (Elionix ELS-
7500) and subsequently developed with a ZED-50 N solution. Titanium and platinum 
(Ti/Pt) electrodes with a thickness of 6/24 nm were deposited on the patterned substrate 
by sputtering (Miller CFS-4EP-LL). The EBL residue was then removed by dimethyl 
sulfoxide at 80 °C. Subsequently, the substrate was cleaned with isopropanol and 
deionized (DI) water under sonication.  
The solution of SWNTs/GNRs obtained above was cast around the Ti/Pt electrodes, 
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followed by DEP. The Ti/Pt electrodes were conducted by applying an AC bias voltage 
for 2 min at different frequencies, ranging from 500 kHz to 15 MHz (33120A Hewlett 
Packard Function Generator), as shown in figure 4.1. Then, the DEP sample was 
cleaned with chloroform, dichloroethane, acetone, ethanol, and DI water in that order 
and subsequently annealed at 200 °C for 1.5 h to remove PmPV, dust, and to increase 
the adhesion between the GNRs and electrodes. The I-V characteristics of the 
fabricated samples were measured using a probe system (Pascal Co., Ltd) with a 
semiconductor parameter analyzer (Agilent 4156B). The fabricated sample was also 
measured by atomic force microscopy (AFM; JEOL JSPM-5200) and Raman 
spectroscopy (Nano Photon Raman Touch) with a 533 nm laser for sample evaluation. 
 
Figure 4.1. Dielectrophoresis Set-up 
4.4. Results and Discussion 
As shown in Fig, the AC frequency-dependent bridging results of DEP from the 
SWNT/GNR mixture were observed using AFM. 3.2 and discussed in chapter 3. The 
change of the I-V curve of frequency dependence DEP suggests a separation between 
metallic SWNTs and semiconducting SWNTs/GNRs. 
Raman spectroscopy of SWNTs' pretreated condition was taken to understand the 
initial ratio of metallic and semiconducting SWNTs. As shown in figure 4.2 (a) of the 
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Raman spectrum, pretreated SWNTs contain mixed chirality identified by splitting G 
band into G+ and G-. Also, most of the SWNTs were metallic SWNTs (mSWNTs) 
shown on the RBM peak in figure 4.2 (b), considering the Kataura-plot30,31. 
 
                                    (a)                                                                 (b) 
Figure 4.2 (a) Raman spectrum obtained from initial HipCo SWNTs with inset 
(b) RBM region shows most composition is mSWNTs. 
Separation of SWNTs and GNRs was investigated by varying frequency DEP in the 
MHz region refer to frequency-dependent result in Chapter 3. To know the boundary 
for separation of GNRs with excess SWNTs, frequency DEP was varied from 5 MHz 
to 15 MHz for 1 MHz period. 
Confocal Raman microscopy was performed to confirm the type of nanowires 
bridged between the micro-gap electrodes. Here, possible nanowires were SWNTs 
and/or GNRs because the presence of D and G band peaks in the Raman spectrum 
indicate that nanocarbon materials, such as unzipped GNRs and SWNTs, were 
successfully bridged by DEP, as shown in Fig. 4.4. From the Raman spectra, GNRs and 
SWNTs can be distinguished by the presence of peaks from the radial breathing mode 
(RBM). RBM is generated from the stretching in the diameter direction, which means 
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only SWNTs have this stretching mode. The inset in Fig. 4.4 shows the Raman spectra 
of the RBM in SiO2 (substrate), pretreated SWNTs before unzipping, and bridging 
SWNTs/GNRs with AC bias frequency dependence, respectively. At first, the RBM 
peaks of pretreated SWNTs before unzipping appeared at approximately 200-300 cm-
1, which indicates that the SWNTs were composed mostly of metallic SWNTs 
(mSWNTs), which suggests that only mSWNTs and sGNRs will remained after the 
unzipping process. Below 12 MHz, the presence of RBM peaks showed that SWNT 
residue remains as bridged material by DEP. In contrast, RBM peaks were missing from 
the sample obtained at frequencies higher than 13 MHz, which indicated that only 
GNRs can bridge between electrodes. It was proved that only GNRs were successfully 
separated from a mixture of GNRs with SWNT residue by DEP at frequencies higher 




Figure 4.3. Raman spectrum obtained from DEP sample fabricated by varying 
the frequency of electric field. Black line shows the Raman spectrum of SiO2 
substrate. Red line represents the pretreated SWNTs before unzipping. From peak 
positions of Raman shift, the starting material is mostly composed by mSWNTs. 
(Inset) Enlarged Raman spectrum obtained from samples fabricated in higher DEP 
frequency. In case of 11 and 12 MHz samples, there were peaks of radial breathing 
modes from mSWNTs. 
During the DEP, objects are polarized with an inhomogeneous external electric 
field. The polarized object generates a side force that moves the object toward higher 
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or lower electric field regions. The DEP force depends on the electric properties of the 
object and mediums, object size and shape, and the frequency of the electric field. The 
force generated by an electric field 𝑬 on a dipole with dipole moment 𝒑 is given by  
𝐹 = (𝑝 ∙ ∇)𝐸     .                          (4.1) 
In an AC electric field, the time-averaged force on the object is given by 
𝐹𝐷𝐸𝑃 = Γ ∙ 𝜀𝑚𝑅𝑒{𝐶𝑀}∇𝐸    ,                      (4.2) 
where Γ is the geometry factor of objects, 𝜀𝑚 is the real part of the permittivity of 
the medium, and 𝑅𝑒 {𝐶𝑀}  is the real part of the Clausius-Mossoti factor, which 
depends on the complex permittivity and conductivity of the medium and the object28,32. 
For objects elongated in one direction, such as an oblate ellipsoid, carbon nanotubes, 






, 𝜀∗ = 𝜀 − 𝑖
𝜎
𝜔
   ,                   (4.3) 
where the real part of the CM can be described as 
𝑅𝑒 {𝐶𝑀} =
𝜔2(𝜀𝑚𝜀𝑝 − 𝜀𝑝
2) + (𝜎𝑚𝜎𝑝 − 𝜎𝑚
2)
𝜀𝑚2𝜔2 + 𝜎𝑚2
   ,              (4.4) 
From equations (4.2) and (4.4), the DEP force of the sample will vary with the AC 
frequency, as shown in Fig. 4. This change in DEP force shows the possibility of 
separating the excess SWNTs from GNRs to bridge the gap between the micro-gap 
electrodes.  
Bridging by the DEP force will be frequency-dependent as the applied frequency 
will change the 𝑅𝑒 {𝐶𝑀}, as stated in equation (4.4). The influence of the conductivity 
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and permittivity of the medium and object to 𝑅𝑒 {𝐶𝑀} in the high- and low-frequency 




,    𝜔 → 0
𝜀𝑝 − 𝜀𝑚
𝜀𝑚
,     𝜔 → ∞
        .                 (4.5) 
where 𝜎𝑝, 𝜎𝑚, 𝜀𝑝, 𝜀𝑚 and are the conductivity of the solute and medium, and the 
permittivity of the solute and medium, respectively. These values are summarized in 
Table 1. From the calculation of the limiting value in equation (4.5), there is a crossing 
point of the frequency-dependent DEP force function from equation (4.2). The inset in 
Fig. 4 shows that this crossing point is at 34.7 MHz in the positive DEP force region, 
which indicates that the attractive DEP force of mSWNTs becomes weak compared 
with that of sGNRs above this frequency. In addition, only sGNRs experience an 
attractive DEP force in the higher frequency region than the crossing point. This 
suggests that the amount of bridging sGNRs is greater than the amount of mSWNTs in 




Figure 4.4. Logarithmic plot of frequency dependent DEP force calculation of 
mSWNTs and sGNRs obtained from equations (2) and (4). A constant electric field 
is used for easy interpretation. The inset shows the enlarged logarithmic plot of 
frequency-dependent DEP force in black dot square. Positive DEP force indicates 
attractive force from electrode gap. The frequency value of crossing point was 34.7 
MHz, which indicates that the attractive force of sGNRs becomes stronger than that 
of mSWNTs. 
Table 4.1. Electrical parameter of mSWNTs, sGNRs and dichloroethane. Limit value 











mSWNTs 1.0×108 (ref.28) -8.9×10-8 (ref.28) 2.5×1018 -9.6×102 
sGNRs 9.4×104 6.1×10-11 (ref. 33) 2.4×1015 -3.4×10-1 
Dichloroethane 4.0×10-11 (ref.34) 9.3×10-11 (ref.34) − − 
The phenomenon observed during DEP was considered by comparing the 
experimental DEP results with the theoretical prediction mentioned earlier. In the lower 
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frequency region, the conductivity of the object (mSWNTs) is higher than that of the 
medium, which causes the DEP force to be positive. This positive DEP force pushes 
the object toward high electric field regions or to the gap between electrodes, as shown 
in Fig. 2 (a), at 500 kHz. Increasing the applied frequency increases the influence of 
the object and medium permittivity. The permittivity of the object was lower than that 
of the medium, which generated a weakened DEP force, moving the object from high 
electric field regions to lower electric field regions. As the frequency increases, the 
bridging object between the electrodes is reduced, as observed by AFM (Fig. 2). For 
frequencies greater than 13 MHz, the DEP force between SWNTs and GNRs was 
different -SWNTs: repulsive DEP force, GNRs: attractive DEP force - and only GNRs 
were bridged because of the attractive DEP force. From the experimental results, the 
frequency of the actual crossing point is estimated to be ~13 MHz, because only sGNRs 
were obtained at this frequency. The deviation between the theoretical simulations and 
experimental results occurs because the object shape used in the simulation is only 
elongated in one direction like an oblate ellipsoid. This can change the crossing point 
to a lower frequency owing to the shape of the GNR being strips of one atomic layer 
thickness carbon. The order of the experimental value coincides with the calculation 
value, which suggests that the experiment and calculation are consistent with each other 
when it comes to generated forces. 
4.5. Conclusion 
In summary, we fabricated sGNRs from mSWNTs by the unzipping method and 
investigated the separation of sGNRs from a mixture of mSWNT residue by the DEP 
technique by changing the frequency of the applied AC bias voltage between the micro-
gap electrodes. From the structural and electrical evaluation of bridging 
mSWNTs/sGNRs, we successfully obtained bridging sGNRs without mSWNTs 
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between electrodes at 13 MHz or higher AC bias voltage. Theoretical calculations 
suggest that the repulsive DEP force from the electrodes in the mSWNTs becomes 
stronger than that in the sGNRs at 107 Hz or more, which separates sGNRs between 
electrodes in this frequency region. The separation of single-layer-level sGNRs from 
SWNTs is achieved via the DEP method. This is a promising discovery in the study of 
nanoscale material electronics application 
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CHAPTER  5 
Single Trapping Graphene Nanoribbons Unzipped Single-
Walled Carbon Nanotubes by Dielectrophoresis 
 
5.1. Abstract 
We successfully trapped and align single-layer graphene nanoribbons (s-GNRs) 
obtain from mechanical longitudinal unzipping. 1 Vpp applied voltage, 15 MHz 
frequency, 2 µm gap size, and 50 times dilution of supernatant were used as DEP 
parameters to produce 2 µm s-GNRs alignment. The AFM analysis, RBM Raman 
spectrum, and I-V characteristic was used to prove the trapping material was GNRs. 
5.2. Introduction 
Graphene nanoribbons (GNRs) has attracted attention of semiconductor 
technologies due to possibility in opening band-gap. The value of GNR band-gap was 
inversely proportional with ribbons width1. Even though there are several approaches 
to obtain sGNRs2,3, longitudinal unzipping of carbon nanotubes (CNTs) is one of the 
most promising techniques to obtain sGNRs measuring a few nanometers in width with 
smooth edges4,5. In our previous work, we successfully obtained single-layer sGNRs 
by the unzipping of single-walled6,7 and double-walled8-10 carbon nanotubes (SWNTs 
and DWNTs) and subsequently carrying out sonication. Although sub-10 nm width 
sGNRs can be produced by unzipping and are suitable for mass production11, applying 
unzipping to the fabrication process of electronic devices remains limited. This is 
because there is no in-situ method to select only sGNRs from a mixture of unzipped 
sGNRs and CNTs.  
One possible approach of selecting sGNRs from CNTs is the dielectrophoresis (DEP) 
technique12,13 which is the method for nanomaterial alignment that avoids 
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contamination. DEP is applied both in the alignment of nanowires from metal to 
insulator and in separating materials of differing electrical properties such as metal and 
semiconductive CNTs (mCNTs and sCNTs, respectively). The separation capability is 
due to the different DEP forces generated from different conductivities and 
permittivities in each material11,14-16. These merits indicate that DEP has excellent 
potential for solving both the separation problem between sGNRs and CNTs and the 
alignment problem between the electrodes by leveraging different materials responses 
to the DEP force. Even though DEP was already used in CNTs13,17,18 and other 
materials11,19 but the capabilities to produce single-layer trapping for nanomaterial such 
as CNTs, and GNRs have not yet proven.    
Here, we succeeded in proving since trapping by DEP technique with GNRs obtain 
from the unzipping method of SWNTs. 
5.3. Experimental Procedure 
HipCo SWNTs (Nanointegris) were pretreated by annealed at 200 °C for 20 h to 
remove amorphous carbon, and then acid-treated with HCl (11.65 M at 109 °C) to 
remove the catalyst metal and induce defects. The GNRs were synthesized by 
unzipping 0.01 mg of SWNTs using 3 mg poly [(m-phenylenevinylene)-co-(2,5-
dioctoxy-p-phenylene-vinylene)] (PmPV; Sigma-Aldrich) in 10 mL dichloroethane 
solvent. The solution was bath sonicated for 50 min at 37 kHz and 600 W (SHARP UT-
606) to initiate the unzipping process. Then, the solution was centrifuged for 16 h at 
50,000 G (TOMY Suprema 23 High-Speed Centrifuge) to reduce the remaining 
SWNTs. The remaining solution (supernatant) was diluted with dichloroethane to 
reduce the concentration of the mixture SWNTs/GNRs in solution.  
Micro-gap electrodes for DEP were fabricated by electron beam lithography (EBL) 
on a SiO2 substrate. The residue solution (ZEP520A: anisole = 1:1) for EBL was spin-
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coated onto the substrate spinning at 3000 rpm for 60 s. Then, the substrate was pre-
baked at 180 °C for 2 min. Electrode patterning was performed by EBL (Elionix ELS-
7500) and subsequently developed with a ZED-50 N solution. Titanium and platinum 
(Ti/Pt) electrodes with a thickness of 6/24 nm were deposited on the patterned substrate 
by sputtering (Miller CFS-4EP-LL). The EBL residue was then removed by dimethyl 
sulfoxide at 80°C. Subsequently, the substrate was cleaned with isopropanol and 
deionized (DI) water under sonication.  
The solution of SWNTs/GNRs obtained above was cast around the Ti/Pt electrodes, 
followed by DEP. The Ti/Pt electrodes were conducted by applying 1 Vpp AC bias 
voltage for 2 min at different frequency 15 MHz (33120A Hewlett Packard Function 
Generator). Then, the DEP sample was cleaned with chloroform, dichloroethane, 
acetone, ethanol, and DI water in that order and subsequently annealed at 200 °C for 
1.5 h to remove PmPV, dust, and to increase the adhesion between the GNRs and 
electrodes. The I-V characteristics of the fabricated samples were measured using a 
probe system (Pascal Co., Ltd) with a semiconductor parameter analyzer (Agilent 
4156B). The fabricated sample was also measured by atomic force microscopy (AFM; 
JEOL JSPM-5200) and Raman spectroscopy (Nano Photon Raman Touch) with a 533 
nm laser for sample evaluation. 
5.4. Results and Discussion 
As discussed in chapter 3 and 4, the number of trapped SWNTs/GNRs by the DEP 
method can be adjusted using applied voltage and frequency. In this work, 1 Vpp 
applied voltage, 15 MHz frequency, 2 µm gap size, and 50 times ratio dilution 
supernatant to produce single GNRs trapping. Figure 5.1 (a) shown the result of 
successfully trapped GNRs, which contains two aligned GNRs. The height of GNRs 
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shown in enlarge version figure 5.1 (b) was less than 1µm, which is the average height 
of SWNTs by AFM and Raman SWNTs RBM by Raman in chapter 4. 
For further investigation, the Raman spectrum and imaging were measured using 
Raman spectroscopy. Figure 5.2 (a) shows the AFM image of the Raman sample and 
area around the black dash line, which contains GNRs according to Raman imaging 
shows on 5.2 (c) yellow dash line. In Raman imaging, each pixel represents a 500 nm 
area of scanning. The meaning of a pixel’s bright color was correlated to the intensity 
of scanned wavenumber, resulting in stronger intensity with a brighter pixel’s color.   
 
 
(a)                                                                             (b) 
Figure 5.1. (a) AFM image of 2 GNRs trapped by DEP method with the height of 
s-GNRs shown by (b) enlarge version. 
Figure 5.3 (a) shows the presence of D and G band, and 5.3 (b) confirm the absence 
of RBM peak SWNTs in 8 pixels enclosed by the yellow dash line in 5.3 (c). This result 
was confirmation of s-GNRs material was present in the DEP sample. Besides, I-V 
characteristics of the s-GNRs in figure 5.4 shown proper connection was form between 
s-GNRs and Pt electrode. The I-V curve was a non-linear I-V curve that typically 
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appears in diode like semiconductor material. DEP alignment was conducted with the 
same DEP parameter. AFM image from the DEP result with the same parameter was 
shown in figure 5.5 (a) and (b).in order to check repeatability to reproduce s-GNRs 
connections. The connection of s-GNRs was formed successfully with only s-GNR 
connected between both electrodes, which show the DEP technique's repeatability.The 
successfully trappings-GNRs in this research showed the DEP technique's capability to 
align and assembly s-GNRs for GNRs electronics devices fabrications. 
 
 
Figure 5.2. (a) AFM image shows Raman imaging spectrum area of 2 bridging s-
GNRs where (b) Raman imaging at SiO2 (Raman shift: 520 cm-1) and (c) G band 







(a)                                                   (b) 
Figure 5.3. Raman spectra from imaging in 8 pixels as shown in Fig.5.3 (c). Owing 
to the presence of D and G band (a) and absence of RBM as shown in enlarge 
version (b), these Raman spectra originated from sGNRs 
 





Figure 5.5. AFM images of the DEP results with the same DEP parameters to know 
the repeatability s-GNRs trapping. Both (a) and (b) produced only 1 s-GNRs which 
shows the repeatability of the DEP parameters.  
 
5.5. Conclusion 
In summary, s-GNRs only trapping was successfully conducted using the DEP 
technique. 1 Vpp applied voltage, 15 MHz frequency, 2µm gap size, and 50 times ratio 
dilution supernatant was used as the DEP parameter. The AFM analysis and RBM 
spectrum data prove the material trapped was s-GNRs. I-V characteristics show 
semiconducting I-V curves. The DEP parameter's repeatability to produce s-GNRs 
trapping was shown by the other 2 AFM images in DEP process. 
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CHAPTER  6 
Conclusions and Suggestions 
In conclusions, graphene nanoribbons (GNRs) with excess single-walled carbon 
nanotubes (SWNTs) was successfully align and assembly by the dielectrophoresis 
(DEP) method. The effect of DEP parameters such as applied voltage, frequency, and 
gap size into the amount and alignment of trapped SWNTs/GNRs was investigated. 
The number of trapped SWNTs/GNRs increased with increasing applied voltage, and 
the opposite effect appears in applied frequency. The DEP electrode's gap size will 
affect the alignment form of trapped SWTs/GNRs, which are related to the 
SWNTs/GNRs length. 
The GNRs were also successfully separated from excess SWNTs by frequency 
dependence DEP. The RBM Raman spectra, AFM image, and DEP force calculations 
serve as proof of only GNRs trapped with more 13 MHz applied frequency. Single-
layer GNRs (s-GNRs) were also successfully trapped and align by adjusting the DEP 
parameter to 1 Vpp applied voltage, 15 MHz frequency, 2 µm gap size, and 50 times 
dilution of supernatant. The trapping s-GNRs was proved repeatable with similar 
parameter. 
The are several devices that can be fabricated with this result, such as FET and 
sensor. On the other hand, fines control of number GNRs trapping and stacking trapped 
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